Maternal inheritance of mitochondria creates a sex-specific selective sieve with implications for male longevity, disease susceptibility and infertility. Because males are an evolutionary dead end for mitochondria, mitochondrial mutations that are harmful or beneficial to males but not females cannot respond directly to selection. Although the importance of this male/female asymmetry in evolutionary response depends on the extent to which mitochondrial mutations exert antagonistic effects on male and female fitness, few studies have documented sex-specific selection acting on mitochondria. Here, we exploited the discovery of two highly divergent mitochondrial haplogroups (A and B2) in central Panamanian populations of the pseudoscorpion Cordylochernes scorpioides. Next-generation sequencing and phylogenetic analyses suggest that selection on the ND4 and ND4L mitochondrial genes may partially explain sexually antagonistic mitochondrial effects on reproduction. Males carrying the rare B2 mitochondrial haplogroup enjoy a marked advantage in sperm competition, but B2 females are significantly less sexually receptive at second mating than A females. This reduced propensity for polyandry is likely to significantly reduce female lifetime reproductive success, thereby limiting the spread of the male beneficial B2 haplogroup. Our findings suggest that maternal inheritance of mitochondria and sexually antagonistic selection can constrain male adaptation and sexual selection in nature.
Introduction
At the cellular level, animals are fundamentally chimaeras, with a diploid genome in the nucleus inherited from both parents, and a haploid mitochondrial genome in the cytoplasm that replicates independently and is transmitted only by their mothers. Because males do not transmit their mitochondria to offspring, mutations in the mitochondrial genome that are either beneficial or detrimental to males cannot respond directly to selection ( [1] [2] [3] , but see [4] ). The importance of this male/female asymmetry in evolutionary response depends critically on the extent to which mitochondrial mutations exert antagonistic effects on male and female fitness [1, 5, 6] .
Until recently, animal mitochondria were considered minor players in evolution, with the small size of their genomes providing little scope for exerting significant effects on complex, fitness-related traits [7] . Over the past decade, this conventional view has been largely overturned, with accumulating evidence for strong mitochondrial haplotype effects on nervous system development, cognitive ability, disease susceptibility and sexual differences in longevity [8] [9] [10] [11] [12] [13] [14] [15] . Nonetheless, the significance of the sex-biased, mitochondrial selective sieve as a contributor to variation in male fertility and sperm traits remains controversial and inadequately investigated. Several studies have reported marked effects of mitochondrial haplogroup on sperm motility in humans and other taxa [16] [17] [18] [19] [20] [21] , while others have failed to find an association [22, 23] . Even less well understood are the contributions of mitochondrial DNA (mtDNA) variation to female re-mating behaviour and sperm competitive ability (but see [24] [25] [26] ).
The coexistence of two sympatric but highly divergent mitochondrial haplogroups in the neotropical pseudoscorpion, Cordylochernes scorpioides [27] , provides a unique opportunity to assess the influence of mitochondrial variation on sperm competitive ability and female sexual receptivity. In these pseudoscorpions, mating involves a sequence of stereotypical behaviours in which the male grasps the female while he constructs and deposits a spermatophore on the substrate (figure 1). The male then manoeuvres the female into a position in which the sperm packet directly contacts her genital aperture, and successful sperm transfer is associated with a pronounced abdominal flexure by the female [28] . Matings can be interrupted immediately following spermatophore deposition and the sperm packet collected for assessment of sperm number and viability [29] . External spermatophore deposition and diagnostic female behaviour facilitate unambiguous assessment of female sexual receptivity and success of sperm transfer. Non-invasive monitoring of female reproductive status and embryological development is made possible by C. scorpioides' 'external womb' mode of viviparity, in which females nourish developing embryos in an external, transparent brood sac overlying their genital aperture [27] . In the wild, C. scorpioides females produce mixed-paternity broods sired by up to four males [30] , and sperm competitive ability is therefore likely to be an important component of male fitness in this pseudoscorpion.
Here, we report the results of a study in which mitochondrial genome sequencing identified two highly divergent mitochondrial haplogroups, Clades A and B2, coexisting in populations of C. scorpioides in central Panamá. Although A-and B2-haplogroup males did not differ in sperm number and sperm viability, B2 males enjoyed a significant sperm competitive advantage, siring more than twice as many offspring as A males in a two-male sperm competition experiment. However, the B2 haplogroup had an adverse effect on female sexual receptivity at second mating, with B2 females significantly less likely than A females to accept sperm from a second male. The reduced propensity of B2 females to engage in polyandry is likely to incur major fitness costs, since mating with multiple males has been shown to significantly increase female lifetime reproductive success in C. scorpioides [31] .
Taken together, these findings suggest that, despite its highly advantageous effect on sperm competitive ability, the B2 haplogroup is constrained to low frequency in central Panamá at least in part because of its negative consequences for females, in terms of reduced propensity for adaptive polyandrous behaviour in B2 females.
Material and methods (a) Experimental pseudoscorpions
Individuals for this study were drawn from a large laboratory population established from 350 C. scorpioides males and females collected in 2006 and 2008 from six locations spanning a 60 km region in central Panamá [27] . In our laboratory population, pseudoscorpions are reared and maintained in individual vials to ensure virginity, and matings are staged to maintain the number of field-collected matrilines. No matings are carried out between full siblings, half siblings or first cousins to minimize inbreeding. Within these constraints, mating pairs for each generation are chosen randomly, and haplotype-based assortative mating, as might occur in mass-reared laboratory populations of Drosophila, is avoided.
(b) Mitochondrial genome sequencing
Previous sequencing of the C. scorpioides mitochondrial cytochrome oxidase 1 (COX1) gene from populations in central and western Panamá identified three highly divergent lineages: one clade consisting predominantly of individuals from central Panamá (Clade A), and two sister clades (B1 and B2), which appeared to be restricted to western Panamá [32] . However, subsequent sequencing of the mitochondrial NADH dehydrogenase 2 (ND2) gene from 66 C. scorpioides matrilines yielded an estimated frequency of the A and B2 haplogroups in central Panamá of 88 and 12%, respectively ([27] ; D. Zeh 2011, unpublished data). Here, in order to characterize differences across the entire genome, we performed next-generation sequencing (NGS) of the mitochondrial genomes of five A-haplogroup and six B2-haplogroup individuals from our central Panamá laboratory population, as well as two B2-and two B1-haplogroup individuals previously collected from the Bocas del Toro province in extreme western Panamá [32] .
(i) Sequencing of the reference Cordylochernes scorpioides mitochondrial genome A reference C. scorpioides mtDNA genome for assembly of NGS sequences was generated using conventional sequencing (Applied Biosystems Prizm 3730 DNA Analyser, Life Technologies, Grand Island, NY, USA) and primer walking, an iterative process of forward and reverse sequencing of the two ends of successively shorter PCR products (for primers and PCR conditions, see the electronic supplementary material, table S1). GENEIOUS PRO (Biomatters Ltd, Auckland, New Zealand) was used to assemble and annotate the reference genome, using the ORF-finder tool, BLAST searches of putative genes, proteins and rRNA rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141686 sequences and the programs ARWEN [33] and tRNAscan-SE [34] for identifying the tRNAs. 
(d) Phylogenetic analyses and tests of adaptive evolution
Sequences were assembled in GENEIOUS PRO v. 7.1, aligned using MAFFT v. 7.017 [35] , and edited to include the 13 protein-coding genes, all transfer RNAs, and both the small and large subunit ribosomal RNA genes. Phylogenetic reconstruction was carried out, using Bayesian estimation [36] . To identify functionally significant sequence divergence between the A and B2 haplogroups, adaptive evolution analyses were performed separately for each of the 13 protein-coding genes, using three methods. First, a codon-based test of neutrality for differences between sequences, dN2dS, where N and S represent non-synonymous and synonymous substitutions, respectively, was performed using MEGA6 [37] . Second, Bayesian estimates of the number of codons experiencing negative selection, neutrality and positive selection for each gene were obtained using MRBAYES [36] . Third, TreeSAAP [38] , a program that compares the distribution of observed changes inferred from a phylogenetic tree with neutral expectations, was used to evaluate potential selection on physico-chemical properties of amino acids (see the electronic supplementary material for details).
(e) Haplogroup effects on sperm number and sperm viability
Haplogroup effects on ejaculate traits were assessed by pairing experimental A and B2 males with virgin females, interrupting the matings and collecting sperm packets, as described elsewhere [29] . Sperm packets were ruptured in phosphate-buffered saline and stained with SYBR 14 and propidium iodide (Invitrogen Live/Dead Sperm Viability Kit, Life Technologies) to distinguish between live and dead sperm. Each 11 ml stained sample was pipetted onto a haemocytometer, and viewed under an Olympus BX51 fluorescence microscope equipped with an EM510 dual band pass fluorescence filter cube. Total number of sperm was estimated by multiplying the number of sperm counted in a 0.9 ml volume of the sample by a factor of 12.2 (11/0.9). The proportion of live sperm in the sample provided an estimate of sperm viability.
(f ) Haplogroup effects on sperm competitive ability
To assess mitochondrial haplogroup effects on sperm competitive ability, initially virgin females were each mated to two males, one carrying A-haplotype mitochondria and the other B2-haplotype mitochondria, with no matings between siblings or first cousins, 48 h between matings and mating order randomized across male haplogroups. Given the low level of B2 female sexual receptivity at second mating (see below), only A-haplogroup females were used in this experiment. Each replication was initiated by placing a virgin female with a virgin male in a 28 mm diameter mating arena. Interactions were observed under red, fibre-optics illumination, using an Olympus SZ6145TR stereomicroscope, for 45 min or until the female accepted a sperm packet from the male. Only replicates in which the female unambiguously accepted a sperm packet from both males were retained for subsequent paternity analysis. Following their second mating, females were maintained in individual vials in a dark incubator at 28.58C and 80% humidity, and monitored until they gave birth. Protonymphs were then removed from the brood nest, counted and frozen at 2808C, along with the dam and the two putative sires. DNA was extracted from the adults and PCR amplification of alleles at the cCscMS23 minisatellite locus (heterozygosity ¼ 0.99) [39, 40] was used to assign paternity (see the electronic supplementary material for methods). For each replication, PCR products from the mother, the two putative sires and an average of 22 offspring were run on a 1.5% agarose gel and stained with ethidium bromide to visualize alleles. Paternity was assigned based on the presence of unique paternal alleles in offspring.
(g) Haplogroup effects on female reproductive function
Haplotype effects on female reproduction were analysed by mating virgin females to virgin males in all four possible combinations:
. Female fecundity and reproductive success were assessed based on the number of early stage embryos produced and the number of protonymphs born to each female, respectively. Matings were carried out, as described elsewhere [27] , and females were then monitored until they either gave birth to protonymphs, spontaneously aborted their brood of embryos or failed to become gravid within 30 days. Gravid females were carefully removed from their vials as soon as individual embryos became clearly discernable, and digital images of their brood sacs were recorded for embryo counting, as described elsewhere [41] . Females were then monitored until they gave birth or spontaneously aborted the brood. Females remain in a silken nest constructed on the vial wall throughout gestation, and embryonic development could therefore be observed without further disturbance to the female [31] . Within 24 h of birth, nymphs were removed from the nest and counted.
(h) Haplogroup effects on level of polyandry
For each haplogroup, we assessed female sexual receptivity across two mating opportunities, and used the proportion of females that were sexually receptive at second mating to quantify level of polyandry. Virgin A-haplogroup (N ¼ 26) and B2-haplogroup (N ¼ 32) females were paired with a randomly selected, unrelated male (Male A) of either the same or the alternative mitochondrial haplogroup, and matings were observed, as described above. After 48 h, each female that had accepted a sperm packet from a 'same-haplogroup' Male A was given the opportunity to mate with a 'different-haplogroup' Male B, and vice versa. Females were scored as sexually receptive if they remained stationary during construction of the spermatophore, allowed themselves to be pulled over the spermatophore and performed the abdominal flexure diagnostic of successful sperm transfer. Sexually unreceptive females either: (i) broke free from the male, (ii) refused rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141686
to remain stationary during spermatophore construction or (iii) resisted being pulled over the spermatophore.
(i) Statistical analyses
Haplotype effects on female reproductive traits, male ejaculate traits and sperm competitive ability were analysed, using a general linear mixed model (GLMM), as performed in PROC GLIMMIX in SAS, v. 9.3 [42] . To avoid pseudoreplication, fullsibling family identity was included in the models as a random effect. Because total sperm number was approximately normally distributed, the GLMM for analysing this variable incorporated a Gaussian distribution, an identity link function, a Laplace maximum-likelihood approximation, and the SAS containment method for determining degrees of freedom [42] . Embryo and protonymph count data were square root transformed and analysed as above, with cephalothorax length included in the model as a covariate to control for and assess female size effects. Sperm viability was evaluated as the proportion of live sperm in an ejaculate and was not normally distributed. This response variable was therefore analysed using the GLIMMIX logit link function to fit a binomial response variable [42] . To analyse the effect of mitochondrial haplogroup on sperm competitive ability, male haplogroup and mating order were included as fixed factors, and male chela hand depth (HD) and dam identity as random factors in the model. The number of protonymphs sired by males was analysed using a GLMM that incorporated a log link function, a Gauss-Hermite Quadrature maximum-likelihood approximation, and a generalized Poisson mixed model for overdispersed count data to accommodate non-normality and overdispersion in the number of protonymphs sired by males of the two haplogroups (see [42] , pp. 3123-3124). The Akaike Information Criterion corrected for finite sample size (AICc) was used to determine the best-fit model among the set of all possible models.
Results (a) Mitochondrial genome sequencing
Sequencing of the 13 protein-coding genes of the oxidative phosphorylation (OXPHOS) pathway, together with the 22 transfer RNAs, and the small and large subunit ribosomal RNA genes, revealed substantial divergence between haplogroups, with a mean of 949 nucleotide substitutions between the A and B2 haplogroups (electronic supplementary material, table S2; figure 2 ). By contrast, within-haplogroup variation was low, and ranged from 11 to 47 nucleotide substitutions. Gene length was conserved for nine of the 13 OXPHOS genes but varied between haplogroups for ND2, ATP6 (ATP synthase 6), ND4 and CYTB (cytochrome B) (electronic supplementary material, figure S1 ). This marked difference in level of polyandry could not be attributed to the mitochondrial haplogroup 
Discussion
The co-occurrence of highly divergent mitochondrial haplogroups in central Panamanian populations of the harlequin beetle riding pseudoscorpion provided a unique opportunity to investigate the mechanisms through which maternal inheritance of mitochondria and sexually antagonistic selection constrain male adaptation and the operation of sexual selection. This study demonstrates that natural variation in mtDNA has significant and opposing effects on components of reproductive success in C. scorpioides males and females. The pseudoscorpions used in this study were drawn from matrilines that have been maintained in the laboratory for a minimum of 14 generations through matings that were random with respect to mitochondrial haplogroup. Consequently, the A and B2 mitochondrial clades in our C. scorpioides laboratory population are nearly identical with respect to nuclear genetic background, greatly increasing the likelihood that systematic differences between haplogroups in sperm competitive ability and female sexual receptivity are causally related to mitochondrial sequence divergence. In our two-male sperm competition experiment, B2-haplogroup males sired 2.47 times more offspring than A-haplogroup males, and this striking discrepancy could not be explained by differences in sperm number, sperm viability or mating order. Whether or not the sperm competitive superiority of the B2 haplogroup is intrinsic or dependent on female haplogroup remains to be determined, since only A-haplogroup females were used in this experiment. Given the evidence of male and female genotype effects on sperm competition in other species [44, 45] , it is possible that sperm competitive ability in C. scorpioides may be influenced by female mitochondrial haplogroup. While haplogroup-dependent cryptic female choice favouring B2 sperm could theoretically account for the B2 male advantage in fertilization, this hypothesis is not consistent with the results of our assessment of possible haplotype effects on female reproductive function. In a non-competitive context, neither male haplogroup, female haplogroup nor the interaction between male and female haplogroup exerted an effect on the proportion of females that became gravid, the number of early stage embryos produced and the number of nymphs born. Furthermore, because the B2 haplogroup is rare in central Panamá, the fitness of B2-carrying males must largely be mediated through matings with A-haplogroup females.
The sequence and phylogenetic analyses performed in this study suggest that adaptive evolution, involving, in particular, selection on peptides encoded by ND4 and ND4L, has played a critical role in divergence between C. scorpioides mitochondrial haplogroups. The ETC embedded in the mitochondrion's inner membrane is responsible for establishing the voltage differential that drives eukaryotic metabolism and generates as much as 90% of cellular energy [12] . Four of the five complexes that compose the ETC include polypeptides encoded by mitochondria, as well as nuclear-encoded proteins. OXPHOS begins with NADH, the essential link in the ETC. NADH is oxidized by complex I, with the mitochondrial genome encoding seven (ND 1-6 and 4L) of the approximately 45 polypeptides of this complex [9] . Given the fundamental role of mitochondria in sperm metabolism and motility, it seems likely that the functionally significant amino acid substitutions identified here may at least partially account for the profound difference in sperm competitive ability between males carrying A-and B2-haplogroup mitochondria. Interestingly, a recent RNA sequencing study performed in our laboratory [46] has revealed that ND4 and ND4L, the two mitochondrial genes identified by TreeSAAP as exhibiting functionally significant amino acid substitutions between the A and B2 haplogroups, are the two genes most differentially expressed by mitochondrial haplogroups in testicular tissue. These findings indicate that the divergent mitochondrial haplogroups differ not only in genetic architecture and protein structure, but also in levels of expression in male gonadal tissue.
In contrast to its beneficial effect on male reproductive success, the B2 mitochondrial haplogroup was associated with maladaptive mating behaviour by females. Sexual receptivity at second mating was significantly lower in females carrying B2-haplogroup mitochondria, with 38% fewer B2 females than A females accepting a sperm packet from a second male. This reduced propensity for polyandry is likely to incur significant costs for B2 females, given the evidence for substantial fitness benefits of polyandry in this pseudoscorpion. In a previous study, in which twice-mated females received either one sperm packet from each of two different males or two sperm packets from a single male, C. scorpioides females mated to two males gave birth to 32% more offspring over their lifetime than did females restricted to mating with a single male [31] .
According to theory, virgin females should mate with the first male they encounter in order to ensure fertilization [47] . However, once mated, females may become less receptive in subsequent matings, either as a result of male manipulation via products in the seminal fluid that inhibit re-mating [48] or because females become more discriminating after securing an adequate supply of sperm [49] [50] [51] . In the context of the reproductive biology of C. scorpioides females, male suppression of female re-mating would be highly adaptive even in the absence of last male sperm precedence. In this viviparous species, females produce an external brood sac of embryos approximately 3 days after mating [52] . Successful inhibition of polyandry during this 3-day period would represent a high reproductive benefit to males. Once gravid, females are invariably sexually unreceptive until the nymphs are born approximately 16 days later. Since the brood sac of developing embryos overlies the female's genital aperture, complete brood abortion would be required for females to accept sperm. Of course, mechanisms other male manipulation, such as effects of females' mitochondria on fertilization rate and oogenesis, could account for the haplogroup differences in female remating frequency observed in this study. However, we found no evidence for such effects, as the two haplogroups do not differ in the interval between mating and brood sac production.
In the study reported here, although all females became less sexually receptive at second mating, B2-haplogroup females were significantly less likely to re-mate than A-haplogroup females, regardless of the haplogroup of the females' first mate. This suggests that female mitochondrial haplogroup, rather than differences between A and B2 males in their seminal fluid products, is responsible for the divergent re-mating behaviour in females, and that B2 females may be more susceptible to male manipulation. Mitochondrial DNA sequence variation is known to have significant effects on neurodevelopment and cognition, with the expression of over 200 nuclear genes in brain tissue modified by haplotype [8] . Maternally inherited mitochondria suffer the direct fitness costs of manipulation by seminal products, such as sex peptides that reduce female re-mating frequency and longevity [48] , but receive no indirect benefits from the production of competitively superior sons [2] . Female susceptibility to male manipulation may therefore be influenced by variation in mtDNA sequence, and we hypothesize that the low re-mating frequency of C. scorpioides B2 females is mediated by haplogroup effects on mitochondrial/nuclear crosstalk in the female brain.
It is instructive to consider our findings in the context of the sexually selected sperm hypothesis, which argues that postcopulatory sexual selection favours male traits that increase sperm competitive ability and female propensity for polyandry, since polyandrous females benefit most from producing sons with superior sperm competitive ability [53] . As recognized by Pizzari & Birkhead [6] , two factors act to constrain this Fisherian-like process: (i) sex-biased inheritance of traits that enhance male success in fertilization and (ii) sexual antagonism. Both of these constraints apply in the case of the divergent mitochondrial haplogroups in C. scorpioides. Exclusively maternal inheritance of mitochondria is an extreme case of sex-biased inheritance that prevents a direct response to selection acting on males, while the opposing effects of mtDNA haplogroup on level of polyandry and sperm competitive ability undermine the Fisherian process. Because B2 females are less polyandrous, if conditions were to favour the spread of B2 females, an increase in their frequency would erode the conditions required for B2 males to outcompete A males through postcopulatory sexual selection.
Maternal inheritance of mitochondria creates male/female asymmetries in response to selection that have potentially important implications for evolutionary processes ranging from sexual differences in longevity and disease susceptibility to population viability and speciation [13, 54] . Paradoxically, in the field of sexual selection, where maternal inheritance of mitochondria may well have its greatest impact, female-limited response to selection remains inadequately investigated. Our findings suggest that mitochondrial haplotype effects on components of male and female reproductive success may often go undetected in non-competitive contexts. In C. scorpioides, mitochondrial haplogroup had no discernable effects on sperm number or sperm viability, and essentially all females were sexually receptive at first mating. Only when females were given the opportunity to mate with a second male did the sexually antagonistic effects of the rare haplogroup on sperm competitive ability and level of polyandry become apparent. Similar mitochondrial effects on competitive but not non-competitive male fertility have recently been demonstrated in Drosophila melanogaster [26] . Such cryptic effects of mtDNA sequence variation suggest that mitochondria may play a more important role in postcopulatory sexual selection than is currently appreciated.
Although more comprehensive sampling in western Panamá is required, the relative frequencies of the three C. scorpioides mitochondrial haplogroups vary considerably between western and central Panamá [32] . In the Chiriquí and rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141686
Boca del Toro provinces of extreme western Panamá, the frequencies of the A, B1 and B2 haplogroups are 47, 23 and 30%, respectively [32] . As reported above, the corresponding frequencies in central Panamá are 88%, 0 and 12%, suggesting gene flow from western Panamá as the source of the B2 haplogroup in populations of C. scorpioides in central Panamá. This is one of the first studies to show opposing effects of naturally occurring mitochondrial genetic variation on reproductive success in males and females. Cordylochernes scorpioides males benefit from B2 mitochondria that they inherit from their mothers but this rare mitochondrial haplogroup which enhances sperm competitive ability appears to be constrained to low frequency in the lowland rainforests of central Panamá by its adverse effect in the physiological environment of their sisters.
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